Abstract-Compact high-gain antennas are highly desired in the high-speed terahertz (THz) wireless system, especially for the space limited application, such as the high-speed inter link inside the high density wireless communication base station. To this end, a 400-GHz folded reflectarray (FRA) antenna with high gain, high aperture efficiency, and compact profile is proposed in this paper. It is composed of a feed source, a single-layered reflectarray using a lithography process on quartz, and a wire-grid polarizer implemented by the printed-circuit-board technology. A 3-D printed fixture is used to assemble all parts together. In order to design accurately the proposed antenna, the THz electromagnetic properties of the supporting dielectric materials are extracted by using a THz time-domain spectrometer system. Then, a single-layered phasing element, made up of a pair of orthogonally I-shaped structures with an open square ring, is proposed and designed based on the extracted material characteristics. Both phase compensation and polarization conversion can be realized by the proposed unit cell. A reflectarray is designed by using the proposed phasing element with the conventional array synthesizing theory, and a THz grid polarizer is designed with strips on a 0.127 mm Taconic TLY-5 substrate. The THz grid is placed in front of the THz feed and the reflectarray, which is fully reflective to the feed and transparent to the reflectarray. All components of the FRA antenna have been fabricated and assembled. Experiments show that the FRA prototype has a peak gain of 33.66 dBi at 400 GHz with an aperture efficiency of 33.65%, and a 3-dB gain bandwidth of 16% (357-421 GHz).
I. INTRODUCTION
T ERAHERTZ (THz) technologies in the spectrum from 0.1 to 10 THz have been undergoing rapid development in recent years, and hold great potentials in applications, such as biological detection [1] , remote sensing [2] , basic material research [3] - [5] and ultrafast short-range wireless communications [6] , [7] . As a critical component to support the THz system, high-performance antennas are urgently required. A number of THz antennas have been reported over the past few years. These include horn antennas [8] - [10] , reflector antennas [11] - [13] , lens antennas [14] - [19] , and cavity-backed slot antenna arrays [20] , [21] . Due to the limited power level of traditional wideband THz sources, high-gain antennas (over 30 dBi), such as reflector antennas, are of particular interest and in high demand. However, the traditional reflector antennas suffer from high manufacturing cost because of the high surface precision required in the fabrication process at submillimeter-wave and THz regions. As a competitive alternative to reflectors, but with a more compact structure, significant advancement has long been made on planar reflectarray (RA) antennas, which combine the advantages of both reflector antennas and microstrip antenna arrays [22] . Driven by the demands of satellite communication, direct broadcasting services, and high-speed wireless communication, a variety of RA antennas have been developed and achieve expected radiation performances at microwave and low mm-wave frequency band [23] - [27] . When it comes to the THz frequency band, only a few reflective metasurfaces were demonstrated using the microfabrication techniques to manipulate THz waves [28] - [30] . In addition, transmitarray (TA) antennas, one kind of planar discrete lens, but free from feeding blockage, would be another promising choice to produce nearly arbitrary wavefront of electromagnetic waves. Some efforts have been made in TA antennas over 100 GHz, including beam collimation, beam focusing, beam deflection, and polarization conversion [31] - [35] .
To reduce the profile of the RA antennas further and avoid the feeding blockage, a more compact configuration, namely the folded reflectarray (FRA) antenna as shown in Fig. 1 , has been proposed as a unique member of the RA family. This folded configuration is composed of a main RA with an embedded feed source and a polarizing grid placed parallel to the RA with a distance h = F/2. The operation principle has been explained in [22] and is briefly described as follows. Linearpolarized spherical waves are generated by the feed source, whose electric fields are parallel to the strip grating. The electromagnetic waves are totally reflected back to the main RA by the polarizing grid. The main RA is designed to compensate the phase of the incident wave for beam shaping and to change the polarization by 90°, so that the radiated waves can transmit through the polarizing grid. Finally, a pencil beam with high gain can be produced by the FRA antenna. Most of the existing FRA antennas are developed below 100 GHz using the commercial printed-circuit-board (PCB) technology or metallic milling process due to low manufacturing cost and ease of fabrication [36] - [41] . To expand the operating bandwidth, multilayered topologies are usually adopted in FRA designs [27] , [41] . However, to our best knowledge, there is no experimental demonstration of high-performance THz FRA antennas in open literature. This is due to not only the difficulty of implementing multilayered topologies at THz region, but also the limited performance of conventional single-layer phasing element. The latter is partly a result of limited information available about the dielectric properties of the substrates at THz frequency band.
In this paper, a low-cost single layered FRA antenna is proposed for THz wireless applications. It consists of a horn antenna as the feed source, a main RA fabricated by lithography process on a quartz substrate, and a grid polarizer implemented by the PCB technology. A good radiation performance in gain, bandwidth, and aperture efficiency will be demonstrated. Since the THz components are sensitive to the substrate characteristics, such as the relative permittivity and loss tangent, which are not readily available from the manufacturer, the material parameters are first extracted by using the THz-TDS system. A single-layered phasing element with improved bandwidth and a grid polarizer are proposed and analyzed using the extracted material properties. A reflective unit cell, made up of a pair of orthogonal I-shaped structures surrounded by an open square ring, is employed in Section II to manipulate independently the orthogonally polarized waves with sufficient phase coverage. To demonstrate the radiation performance, a 400-GHz FRA prototype with a circular aperture of 19.84 mm in diameter has been designed, fabricated, and assembled in Section III, together with detailed description of the THz measurement setup. Section IV presents measured results and discussions. Finally, conclusions are drawn in Section V.
II. ANALYSIS AND OPTIMIZATION OF THE REFLECTIVE ELEMENT AND GRID POLARIZER
The proposed FRA antenna is composed of a metallic feeding horn, an RA, and a grid polarizer. Different from the quartz substrates whose THz electrical characteristics have been studied [5] , there is very little information about the material properties of the Taconic TLY-5 substrates at THz region. Therefore, to ensure the accuracy of the FRA design, the extraction of the THz dielectric properties for both substrates should be carried out. Fig. 2 shows the THz-TDS system developed by Menlo Systems GmbH. The generated broadband THz beam is guided from the emitter to the samples via lens 1 and lens 2, for collimation and focusing, respectively. The spot diameter of the THz beam incident on the sample is about 3 mm. After transformation by lens 3 and lens 4, the beam is received by the detector. THz time-domain spectra of the samples are collected in transmission mode. The experiment is carried out in a glass dome filled with nitrogen at room temperature (about 300 K) and with a humidity level of less than 2%.
A. Extraction of the Dielectric Properties
The extraction method proposed in [42] is used. A flat homogeneous sample is placed in the path of the THz radiation. To deal with the multiple reflections caused by the Fabry-Perot effect, the sample thickness is chosen to be sufficient large so as to ascertain the first directly transmitted THz pulse. The timedomain spectra of the air and solid sample are measured and transformed into frequency domain using fast Fourier transform. The amplitude ρ(ω) and phase ϕ(ω) of the complex transmission coefficient of the sample are obtained from the measured results. According to the (2) in [42] , the values of n(ω) and κ(ω) can be extracted by using the Newton-Raphson method [4] . Finally, the dielectric constant ε and loss tangent tanδ can be calculated by the following:
where ε i (ω) represents the imaginary parts of the dielectric constant, and ε r (ω) is the real part. Fig. 3 shows the measured dielectric properties of the two substrates. The dielectric constant of the quartz decreases slowly from 3.785 to 3.773 as the frequency increases from 325 to 500 GHz, while the loss tangent fluctuates within a small range from 3.66 × 10 −3 to 4.77 × 10 −3 . The Taconic TLY-5 substrate also has a stable relative permittivity of 2.253 ± 0.001 within 325-500 GHz, while the loss tangent fluctuates within a small range from 9.43 × 10 −3 to 1.11 × 10 −2 . The uncertainty of the extracted material parameters is also estimated here. It is worth pointing out that the accuracy depends mainly on the thickness of the sample [42] . In this experiment, one sample is a plate of quartz with a measured thickness of 1.006 ± 0.001 mm, and the other is a plate of Taconic TLY-5 substrate with a measured thickness of 1.587 ± 0.001 mm. Table I presents the extracted results of the material parameters for different estimated thickness of the samples at 400 GHz. The extracted relative permittivity and loss tangent change slightly with the thickness when the thickness error is about 0.001 mm, well within the acceptable range for the following FRA design. Several collimation lenses are used in the experiment to reduce the divergence of the THz beam. It is also important to ensure that the THz beam impinges on the samples under test at a normal incidence.
B. Design of the Reflective Unit Cell
The detailed operation principle of the phasing element for the FRA antenna is shown in Fig. 4(a) . A linear polarized incidence with its electric field parallel to the grating is generated by the feed source, which would be reflected back to the main RA with the same polarization. After the second reflection by the RA, the output field cannot pass through the polarizing grid if its polarization remains unchanged. Thus, the RA should be designed to produce a collimated wave and to implement the polarization rotation of 90°with respect to the polarization of incident electric field, so that the final radiated wave can be transmitted through the polarizing grid. In practical FRA designs, it is necessary to employ dual-polarized reflective phasing elements, and each unit cell in the RA should be rotated by 45°w ith respect to the polarization of incident electric field. Then, both the phase responses of the x-polarized and y-polarized reflective waves can be manipulated independently by adjusting the element sizes along x and y directions. It is worth pointing out that if an additional phase shift of 180°in the x-direction is provided by the unit cell, the radiated wave can pass through the grating because the polarization of the electric field are rotated by 90°. Considering the low cost and ease of fabrication at THz region, a single-layer reflective unit cell is preferred to the multilayered topology. Therefore, a dual-polarized single-layer reflective unit cell is designed here to manipulate independently the orthogonal polarized waves. The rectangular patch elements [40] and single Jerusalem cross elements [43] are the most popularly employed in the single-layer designs of dual-polarized unit cells. However, those unit cells are not able to provide adequate phase coverage (<360°), and suffer from nonlinear slope of the phase responses, which leads to a relatively low aperture efficiency and a narrow bandwidth [36] - [41] .
As shown in Fig. 4(b) , a multiresonance reflective element is employed in this work to overcome the drawbacks of the conventional unit cells mentioned above. It is composed of a pair of orthogonally I-shaped structures surrounded by an open square ring. The mutual coupling between the two parts helps to enlarge the phase coverage and improves the linearity of the phase slope. The lengths of the I-shaped structures along x and y direction are denoted as l x and l y , respectively. The parameters l 1 and l 2 represent the lengths of load arms of the corresponding I-shaped structures. The size of the open square ring is controlled by the parameters l a , l b , and w 1 . The mutual coupling between the two parts, dominated by the parameter gap, is tuned carefully to obtain a desired linear phase response. In addition, to minimize the interference between the two orthogonal polarizations, the width of the center-connected part is chosen to be as small as possible within the machining precision. All the numerical verifications of the unit cell are performed using the full-wave simulation software FEKO with periodic boundary conditions (PBC) [44] . The detailed optimized geometry of the phasing element is summarized in Table II . In the simulation, the thickness of the quartz substrate is set as 270 μm, while the sputtering gold layer is 200-nm-thick. Based on the measured material properties, the relative permittivity ε r and loss tangent tanδ of the quartz substrate at 400 GHz are set as 3.776 and 4.4 × 10 −3 in the simulation. To adjust the reflective phase response with small steps, the unit cell periodicity is chosen to be 310 μm for achieving a high aperture efficiency in this paper with a fine phase adjusting, which is 0.41λ 0 at 400 GHz in free space. Both the x-polarized and y-polarized plane wave excitations need to be investigated for the unit cell. After parameter studies, the phase responses are found to be mainly dependent on the parameter l y under y-polarized plane wave excitations, and the parameter l x has little effect on the phase response. Similarly, when the unit cell is illuminated by an x-polarized plane wave, the phase responses are almost fully controlled by the parameter l x rather than l y . Therefore, the dual-polarized phasing element has the capacity to independently control the orthogonally polarized waves. It can be seen that the simulated phase responses under the orthogonally polarized waves are symmetric. In this work, only the reflective responses using a y-polarized plane wave are presented with a fixed parameter l x of 170 μm. Fig. 5 shows the simulated phase results of the reflective element under normal and 25°oblique y-polarized excitations at different frequencies. The simulated responses of the averaged magnitudes and phase are summarized in Table III . It can be seen that the phasing element covers over 360°across the frequency band from 360 to 420 GHz by adjusting l y from 130 to 230 μm under those two cases, and the unit cell has an averaged loss of less than 1 dB at normal excitations at 390 GHz. Since the focal length to diameter ratio (F/D) is chosen as 1.07 in this design, to be discussed in detail in Section IV, the maximum angle of feed illumination is about 25°. Then, the cases of oblique incidence including (θ = 25°, ϕ = 0°) and (θ = 25°, ϕ = 90°) are investigated with a TE or TM source, as shown in Fig. 4(c) . As shown in Fig. 5 , the simulated phase responses indicate that the proposed unit cell is stable with acceptable phase variation. Hence, the proposed reflective unit cell is suitable for the design of FRA antennas.
C. Design of the Grid Polarizer
The THz grid polarizer in this work is fabricated using the PCB technology considering the fabrication cost and ease of implementation. A Taconic TLY-5 substrate with the thickness of 0.127 mm is employed in this design to support the parallel copper strips on both sides of the substrate. The measured relative permittivity and loss tangent of the substrate at 400 GHz are 2.2529 and 0.0101, respectively. Both the strip width and their separation are chosen as 0.1 mm, well within the machining precision. The conductivity of the copper layer is set as 5.8 × 10 7 S/m, and the thickness of the copper layer is 18 μm in this design. The copper layer occupies about half area of the grid polarizer, and its thickness cannot be ignored. The surface roughness of the copper layer should be taken into consideration, especially at the THz frequency band. The Hall−Huray theory, based on the stacked snowball model, is adopted in the simulation of the grid polarizer [45] - [47] . The surface of copper layer can be viewed as an irregular collection of nodules. The Hall−Huray model of the physical effects is causal, and can be characterized by two key parameters, nodule radius (NR) and surface ratio (SR). The parameter NR represents the radius of the copper sphere (snowball), and the parameter SR can be expressed as
where the parameter N is the number of the snowballs in a unit cell, and A represents the area of the hexagonal geometry. In the simulation of the grid polarizer for the FRA design, the NR and SR are chosen as 0.5 μm and 3, respectively. The simulated S-parameters of the grid polarizer using the PBC are shown in Fig. 6 , which shows that the y-polarized incident wave is almost fully reflected by the grid polarizer. The simulated transmission loss is less than 0.5 dB under x-polarized normal incidence. Ideally, as a key component of the FRA antenna, the grid polarizer prototype needs to be tested and analyzed independently for the FRA design. However, it is difficult to extract accurately the transmission and reflection characteristics of the fabricated polarizer in the experiment due to multiple reasons: Low output power and inadequate dynamic range of the THz OML frequency extender; small size of the fabricated polarizer; and the relatively low-gain standard horn antennas used in the test setup. Nevertheless, we have used the Hall-Huray model to model the metal property and investigate the influence of the polarizer for the measured FRA in the following section, combined with the extracted dielectric property of the polarizer in Part A of Section II.
III. FRA PROTOTYPE AND THE THZ MEASUREMENT SETUP
Based on the ray tracing principle shown in Fig. 1 , the required compensation phase of each element can be calculated using the following [22] :
where r f m n represents the distance between the imaginary feed source and the mnth unit cell, u 0 denotes the unit vector, and r m n represents the corresponding position vector. As shown in Fig. 7 , to verify the THz radiation performance, an RA prototype is designed and fabricated using the lithography process. The reactive ion etching technique, a type of dry etching, is adopted in the fabrication, and the used photoresist is AZ1350. We have used sputtering for the gold deposition to a thickness of 200 nm. The aperture of the main RA, located at the center of a 2-in wafer, is circular with a diameter D of 19.84 mm.
Since the substrate supporting the grid polarizer has a very thin thickness of 0.127 mm, deformation is not uncommon during assembling. If the grid polarizer is deformed, the radiation performance of the FRA antenna would be deteriorated because the ray traces are changed. As is shown in Fig. 8(a) , to effectively solve the problem, a set of support structures are manufactured by the 3-D printing technology. The grid polarizer can be placed exactly between the two square plates, and fixed accurately with the RA embedded in the main supporter.
As shown in Fig. 8(b) , the experimental verification of the FRA antenna is performed in a THz anechoic chamber, using a vector network analyzer Agilent N5245A and a pair of OML WR 2.2 (325-500 GHz) waveguide extenders controlled by N5261A. After rough adjustment by the 3-D motorized stage, it is necessary to employ two five-axis manually moving stages (Zolix TSMW-XYZT-1) with the sensitivity of 3 μm for independent fine adjustments, which are installed under the assembled FRA prototype and the VNA extender at the TX side. The FRA antenna must be located at the rotation center of the electronic rotary table. Moreover, the IF bandwidth is set as 1 Hz in this experiment to maximize the signal-to-noise ratio.
IV. MEASURED RESULTS AND DISCUSSION

A. Measured Results of the Feed Source
The horn antenna is adopted as the feed source due to its stable radiation performance. A pyramid horn with a length of 2.2 mm is employed in this design with a rectangle aperture of 1.75 × 1.3125 mm 2 . Fig. 9 shows the simulated and measured radiation patterns at 400 GHz, showing that the feed horn antenna has an equal flare angle of about 30°in the E-plane and H-plane. It should be mentioned that the degenerated cross-polarization performance results from the small misalignment of the horn antennas and the weak multiple reflections between the horn antennas and the THz OML extenders. The pyramid horn obtains a wide operating bandwidth for |S 11 |<−10 dB from 325 to 500 GHz. The measured half-power beamwidths (HPBW) in E-plane and H-plane are 27.79°and 27.02°, respectively. The measured gain of the horn is 16.14 dBi at 400 GHz. The F/D is chosen carefully to be 1.07 to provide a proper excitation, and the maximum oblique angle is about 25°. According to the measured radiation performance, the minimum and maximum edge taper are −11.54 and −9.45 dB, respectively.
B. Measured Results of the THz FRA Antenna
The simulated and measured reflection coefficients of the assembled FRA antenna are compared in Fig. 10 . Both are largely lower than −10 dB from 340 to 440 GHz.
After adjusting the positions of the feed horn and the assembled FRA prototype carefully by the manually moving stages, the radiation patterns in two principal planes are scanned by rotating the rotary table. Fig. 11 shows the measured and simulated radiation patterns at 360, 390, and 420 GHz, all of which are normalized to their peak values. The detailed information about the side lobe level (SLL), cross-polarization level (X-pol), Table IV . Generally, the measured radiation patterns are well in agreement with the simulated results in the main radiation direction. According to the datasheet of the V02.2 VNA2 Series THz Vector Network Analyzer, the typical dynamic range of the measurement system is 55 dB. Since the received THz signal is very weak and the dynamic range is not adequately high, the differences of the radiation patterns are mainly caused by the measurement errors.
As plotted in Fig. 12 , by compared with a standard horn antenna provided by the VIVA TECH Corporation, the gain of the THz FRA antenna can be obtained. The measured 3-dB gain bandwidth is 357-421 GHz, and the maximum measured gain is 33.66 dBi at 400 GHz. The aperture efficiency η is defined using the following [21] :
where S FRA represents the area of the THz FRA antenna. As shown in Fig. 12 , the maximum measured aperture efficiency is 34.51% at 389 GHz. 
C. Error Analysis and Discussion
The maximum gain difference of the FRA antenna between the simulated and measured results is about 3.33 dB in Fig. 12 . The possible causes for the discrepancy include slight deformation of the grid polarizer, polarization mismatch, and metal surface roughness of the grid polarizer. Full-wave simulations are performed to investigate those influences.
First, despite of using the 3-D printed fixture for assembling, a slight deformation of the grid polarizer still cannot be avoided because of the relatively large aperture on a thin substrate. The grid polarizer cannot recover once it is deformed before the experiment.
To investigate the deformation, the shape of the grid polarizer can be modeled as paraboloids (2-D deformation) or parabolic cylinders (1-D deformation) shown in Table V . The corresponding coordinate is shown in Fig. 8 . The ranges of the parameters are set as |x|, |y| ࣘ 11 mm. The parameter p is chosen as 242, which indicates that the distance between the apex of the paraboloid or the parabolic cylinder and the aperture surface is 0.25 mm, about a third of wavelength at 400 GHz in free space. The symbol "±" means that the paraboloids or parabolic cylinders are modeled along different directions. The types of the polarizer deformations are shown in Table V , and all the deformation cases are simulated. The simulated gain of the FRA antenna drops significantly, when the grid polarizer is deformed. Second, the manual stage, shown in Fig. 8(b) , is employed to realize five-axis fine adjustment, including the movement along x, y, and z axes and the rotation around x and y axes. In the adjusting process, minor polarization mismatch between the feed source and the RA is unavoidable. To show the effect of the polarization mismatch, the feed horn antenna is rotated by 3°a round z axis in the simulation. A gain reduction of about 0.5 dB can be observed in Fig. 13 . Third, the metal surface roughness of the grid polarizer should be taken into consideration as well. The Hall-Huray model mentioned above can be employed to analyze the surface roughness of the copper. The corresponding conductivity is set as 5.8 × 10 7 S/m. The simulated S-parameters of the grid polarizer with different combination of NR and SR using the PBC are shown in Fig. 14 . Generally, it can be seen that the transmission loss of the grid polarizer increases with the parameters NR and SR, which also results in a slight reduction of the measured gain. In summary, the combined effects discussed above contribute to the discrepancies between simulated and measured results. Table VI shows a comparison with some previous THz antennas, in terms of operating frequency, polarization, antenna dimensions, gain level, aperture efficiency, gain bandwidth, cross-polarization level, and SLL. The proposed FRA antenna achieves a good radiation performance for THz application. In addition, according to the quotations from the manufacturers, a rough estimation of cost for each part has been listed in Table VII. Generally, the proposed antenna can be one of the promising low-cost candidates for high-gain THz applications. In this paper, a low-cost FRA antenna operating at THz frequency band has been proposed with high gain using hybrid fabrication technology. The RA is fabricated on a quartz substrate, and a Taconic TLY-5 substrate is employed to support the parallel copper strips as the grid polarizer. The THz electrical characteristics of the two substrates are extracted using the THz-TDS measurement system. 3-D printed structures are adopted for stable assembling. To verify the proposed design, an FRA antenna prototype with a diameter of 19.84 mm has been fabricated and assembled. The measured gain of the FRA antenna is 33.66 dBi at 400 GHz with the corresponding aperture efficiency of 33.65%, and the 3-dB gain bandwidth is 357-421 GHz (16%).
